Oxidative stress and the resulting damage to genomic DNA are inevitable consequences of endogenous physiological processes, and they are amplified by cellular responses to environmental exposures. One of the most frequent reactions of reactive oxygen species with DNA is the oxidation of guanine to pre-mutagenic 8-oxo-7,8-dihydroguanine (8-oxoG). Despite the vulnerability of guanine to oxidation, vertebrate genes are primarily embedded in GC-rich genomic regions, and over 72% of the promoters of human genes belong to a class with a high GC content. In the promoter, 8-oxoG may serve as an epigenetic mark, and when complexed with the oxidatively inactivated repair enzyme 8-oxoguanine DNA glycosylase 1, provide a platform for the coordination of the initial steps of DNA repair and the assembly of the transcriptional machinery to launch the prompt and preferential expression of redox-regulated genes. Deviations/variations from this artful coordination may be the etiological links between guanine oxidation and various cellular pathologies and diseases during ageing processes.
Introduction
The generation of reactive oxygen species (ROS) by various endogenous physiological processes and/or environmental agents is inevitable, and they cause damage to cellular macromolecules. While proteins, lipids and RNA having oxidative damage are usually subjected to degradation and recycling, DNA lesions should be repaired to maintain genomic integrity [1, 2] . Oxidative DNA damage includes oxidized bases, oxidized sugar fragments, abasic/apurinic/apyrimidinic (AP) sites and single-strand breaks [3, 4] . Closely spaced single-strand breaks generated during the repair of oxidized bases can result in DNA double-strand breaks [3, 4] . ROS primarily damage guanine because it has the lowest oxidation potential (midpoint potential is −1.17 mV on a nickel hydrogen electrode) among the DNA bases [5, 6] . Guanine's oxidized product 7,8-dihydro-8-oxoguanine (8-oxoG) is the most predominant DNA oxidative lesion in the genome [5] [6] [7] . It is estimated that up to 100,000 8-oxoG lesions can be formed daily in DNA per cell [8] ; thus, it is considered as a biomarker of oxidative stress [9, 10] . 8-OxoG is mutagenic because it may pair with adenine instead of cytosine, resulting in a G:C to T:A transversion during DNA replication. [1, [9] [10] [11] [12] . In eukaryotic cells, guanine lesions (including 8-oxoG and its open-ring product 2,6-diamino-4-hydroxy-5-formamidopyrimidine, FapyG) are primarily repaired by 8-oxoG DNA glycosylase 1 (OGG1), a functional homologue of Escherichia coli protein MutM, through stepwise base excision repair (BER) pathway [1, 7, [13] [14] [15] [16] . The process of recognition and repair of 8-oxoG by OGG1 is well understood and reviewed [7, 17] , and it represents one of the oldest DNA BER pathways, which constitutes a major area in studies of DNA repair mechanisms and led to the 2015 Nobel Prize in Chemistry.
Even though the direct experimental evidence is lacking, oxidation product(s) of guanine have often been linked to various ageing-associated conditions, including tissue and organ dysfunction, carcinogenesis, and neurodegenerative and cardiovascular diseases [1, 7, [18] [19] [20] . OGG1 is a multifunctional protein, when complexed with its repair product free base 8-oxoG, activates Ras family GTPases and downstream signaling, and this has been extensively documented and reviewed in the context of innate and adaptive inflammatory processes [7, [20] [21] [22] . This review discusses present views on the utilization of a transient OGG1-DNA complex on genomic DNA by transcriptional machinery during gene expression to enable prompt cellular responses in oxidatively stressed cells.
The modulation of OGG1's enzymatic activity
OGG1 initiated BER (OGG1-BER) entails multiple steps including lesion recognition, flipping the substrate from DNA double helix into the base-binding pocket (active site) of OGG1 and site-specific changes in DNA structure [23, 24] . As a bifunctional DNA glycosylase, OGG1 excises base(s) and then cleaves the phosphodiester bond 3′ of the damaged base through its AP lyase activity. This leaves a blocking residue attached to the deoxyribose upstream of the nick, which is removed by apurinic/apyrimidic endonuclease 1 (APE1). The resulting nucleotide gap is filled in by DNA polymerase β, and the nick is sealed by DNA ligase III bound to the presumptive scaffold protein X-ray repair cross complementing 1 (XRCC1) [4, 7, 20] .
Protein-protein interactions may be the major mode of regulating OGG1 activity (Fig. 1 left) . For example, the AP lyase activity of OGG1, which creates a nick in the DNA backbone, was increased with the addition of APE-1 in in vitro assays [25, 26] . However, recent studies suggested that the in cellulo activity of OGG1 has a primarily monofunctional mode of removing 8-oxoG bases only, while APE-1 enhances this activity by stimulating the release of OGG1 from AP sites [27, 28] . XRCC1, a scaffold protein in the BER pathway, also interacts with and stimulates many DNA glycosylases including OGG1 [29, 30] . Another study documented that OGG1 binds directly to poly(ADP-ribose) polymerase 1, a DNA-damage sensing protein that is involved in DNA repair. This interaction is enhanced by oxidative stress; however, binding with and modification by PARP1 decreases the BER function of OGG1 [31] . Cut homeobox 1 (CUX1) and CUX2, as transcriptional activators of many genes involved in the DNA damage response, have been implicated in cancer as having both tumor suppression and oncogenic potentials. CUX1 and CUX2 interact with and stimulate the DNA glycosylase and AP lyase activities of OGG1 without involving their transcriptional function [32, 33] . SATB1, a genome organizer and transcriptional regulator containing two CUT domains, was recently shown to interact with OGG1, stimulating two of its enzymatic activities [34] , which needs to be further studied in the physiological context.
Moreover, OGG1 activity is also regulated by posttranslational modifications (Fig. 1 right) . OGG1 is acetylated in vivo by histone acetyltransferases, such as cyclic AMP response element-binding protein/p300 complex (CBP/p300), and the acetylation at Lys338/Lys341 significantly increases OGG1 activity. OGG1 interacts with class I histone deacetylases, which might be responsible for its deacetylation [35] [36] [37] . OGG1 also physically interacts with the protein kinases CDK4, c-ABL and PKC [38, 39] . The phosphorylation of OGG1 by CDK4 increases its 8-oxoG incision activity and affects AP lyase activity, whereas the phosphorylation induced by PKC and c-ABL does not affect OGG1 activity. The distinct functional outcomes of serine/threonine versus tyrosine phosphorylation may indicate that the activation of different signal transduction pathways modulates OGG1 activity based on the actual needs of the cells [38, 39] . Interestingly, OGG1 is highly OGlcNAcylated in diabetic mice compared with controls. In vitro experiments demonstrated that O-GlcNAcylation inhibits OGG1 activity [40] . Hyperglycaemia is conventionally associated with the over-production of ROS; thus, the significance of the inhibition of OGG1 activity through O-GlcNAcylation needs to be elucidated. Furthermore, studies showed that oxidative stress decreases the activity of OGG1, but it is reestablished once the cellular redox status is normalized [41] [42] [43] . Of note, the reduced state of the redox-sensitive residues of OGG1, cysteine (Cys) is important for its glycosylase activity [41] . Recently, in tumor necrosis factor alpha (TNF-α)-exposed cells, the oxidation of cysteine residue(s) to sulfenic acid, along with the impaired base excision activity of OGG1, was observed. Human OGG1 contains seven cysteine residues, of which, the one(s) subject to oxidation need to be further investigated.
It is seemingly paradoxical that OGG1-BER activity is impaired in cells under oxidative stress, during which levels of oxidized guanines are enhanced and effective excision/repair is needed. OGG1's enzymatic inactivation was temporally correlated with an increase in intracellular ROS levels, as well as 8-oxoG accumulation in the genome, primarily at the promoter regions of a number of genes [44, 45] . Significant increases in mRNAs levels from pro-inflammatory genes were concomitant, suggesting that the transient inactivation of OGG1 and accumulation of 8-oxoG in the promoter region may have important roles in transcriptional regulation [45, 46] .
Aberrant gene expression in the absence of OGG1
To study the roles of OGG1 in carcinogenesis and ageing processes, Ogg1-null mice were developed [47, 48] . Unexpectedly, under normal conditions, the lack of OGG1 activity and consequent supraphysiological levels of genomic 8-oxoG do not affect the embryonic development or life span of Ogg1 -/-mice, and the animals showed no marked changes in pathology or in tumor frequency [49] . Mitochondrial DNA isolated from the liver of Ogg1-null mutant animals contains a > 20-fold increase in the 8-oxoG level compared with that in wild-type animals, with no detectable changes in maximal respiration rates or mitochondrial ROS generation [50] . However, Ogg1 -/-mice showed a decreased serum lgG2a level (Th1 response) in response to bacterial infection, and increased resistance to lipopolysaccharide (LPS)-induced inflammation and organ dysfunction, coupled with lower levels of the chemokine Mip-1 alpha and Th1 cytokines interleukin (Il)-12 and Tnf-α [51, 52] . Likewise, after an ovalbumin challenge, Ogg1 knockout mice, compared with wild-type mice, exhibit less inflammatory cell infiltration and decreased oxidative stress in the lungs. The phenotype includes decreased levels of Il-4, Il-6, Il-10 and Il-17 and the accumulation of inflammatory cells in lung tissue [53] . In addition, the siRNA-mediated deficient expression of Ogg1 in the airway epithelium results in a lower inflammatory response after allergen challenge in sensitized mice, as shown by the decreased expression of the Th2 cytokines (Il-4, Il-5 and Il-13), eosinophilia, and airway hyper-responsiveness [54] . Moreover, Ogg1 silencing in airway epithelial cells or mice lungs significantly decreases the expression of innate immune-response (IIR) cytokines/ chemokines (e.g., Cxcl2, Tnf and IL-1β) induced by TNF-α exposure, and thus, the reduced infiltration of neutrophils in bronchoalveolar lavage fluid [46] . Recently, LPS-induced activation of the primary splenocytes obtained from two different Ogg1 −/− mouse strains was analyzed. The induction of Tnf-α expression was reduced in splenocytes (in particular macrophages) of both Ogg1 −/− strains [55] . These observations suggest potential roles for OGG1 in regulating gene expression in immune responses. Additionally, key genes of fatty acid oxidation, including carnitine palmitoyl transferase-1 and the integral transcriptional co-activator Pgc-1α, as well as multiple genes involved in the tricarboxylic acid cycle's metabolism were significantly downregulated in livers, resulting in the Ogg1-null mice being susceptible to obesity and metabolic dysfunction [56] . Taken together, role of OGG1 in gene expression modulation has been revealed in the context of various physiopathologic processes. The transcriptional regulation of pro-inflammatory genes is regulated, at least partly, by ROS-mediated signaling [57] [58] [59] [60] . Many, if not all, pro-inflammatory genes have high GC-content promoters, which usually contain multiple nuclear factor kappa B (NF-κB) and specificity protein1 (Sp1) binding sites. In addition, the binding motifs for these transcription factors (TFs) also contain runs of guanines. Thus, OGG1, as a DNA repair enzyme, having a beneficial effect on pro-inflammatory gene expression under oxidative stress, might be conventionally explained by the repair of 8-oxoG ensures the recognition and binding of TFs to their cis elements. However, given that abasic sites and strand cleavage are intermediates in the BER pathway, inevitably, the prompt and efficient repair of 8-oxoGs (or 2,6-diamino-4-hydroxy-5-formamidopyrimidines) in a high GC-content region may lead to a decrease in promoter integrity and, therefore, the impaired activation of the relevant transcriptome. The timely ROS-mediated confrontation with OGG1-BER activity [41, 42] is obviously an adaption to avoid such damage to promoters, which in turn ensures the prompt expression of a "ROS-response-ome".
OGG1 alters the binding of transcription factors to oxidized guanine-containing DNA
Previous studies have addressed the role of ROS in the redox status of reactive Cys residues located within the DNA-binding domain of TFs, which may control the transcriptional activity of these TFs [(e.g., NF-κB, activator protein 1 (AP-1), transcriptional activator Myb (Myb), cyclic adenosine 3,5-monophosphate response element-binding protein (CREB), early growth response protein 1 (Egr-1), hypoxia inducible factor 1 alpha (HIF-1α) or tumor protein p53 (TP53)] [61] [62] [63] [64] [65] ; however, the oxidation of DNA may serve as an essential manner by which ROS signals are sensed and the transcription from the redox-responsive genes is regulated. The role of guanine lesions located within G-rich binding motifs of TFs (such as NF-κB and Sp1) has been investigated by utilizing synthetic DNA and electrophoretic mobility shift assays (EMSAs) [66] [67] [68] , yet the conclusions remain controversial. In one study, substitution of 8-oxoG had no effect on the binding of recombinant p50, regardless of the lesion position (5′- [66] ; while another study utilizing the same motif claimed a significant decrease in p50 binding when the lesion was located at G2, a significant increase in binding when the lesion was at G1, and minimal effects when lesions were at G3 and G4 [68] . The crystal structures of the p50/p50 homodimer and p50/p65 heterodimer of NF-κB bound to the canonical motifs revealed that all of the guanines are conserved and are the conduits by which protein subunits make contact with DNA [69] [70] [71] . Thus, it appears that the lesions within the motif are not favorable for NF-κB sequence recognition and DNA occupancy. Moreover, when a study reported that a single 8-oxoG may be sufficient to inhibit the binding of recombinant Sp1 [66] , others used nuclear extracts from HeLa cells to perform an EMSA, and showed the importance of the core (G2-G6) of the GC box (5′-
but not the other guanine residues (G1, G7-9) [67] . Other TFs also recognize GC-rich consensus sequences (e.g., early growth response protein 1 (Egr-1: 5′-GCGGGGGCG-3′) and nuclear respiratory factor 1 (NRF-1: 5′-YGCGCAYGCGCR-3′)) [72] [73] [74] [75] . However, the effect of guanine oxidation within these motifs on the binding of the cognate TFs has not been addressed. The role of guanine damage in the binding of AP-1, despite its lack of a G-rich (5′-TGACTCA-3′) binding consensus was also studied, and the placements of 8-oxoG had an effect on recombinant AP-1 DNA occupancy [66] .
Although the influence of 8-oxoG on TF recognition of the G-rich consensus has drawn attention, the potential roles of repair enzymes, including OGG1, have rarely been considered. OGG1 continuously scans for damaged bases in the DNA duplex and efficiently recognizes and binds to its substrates [76] [77] [78] [79] . This raises the question of whether the binding affinity of TFs with 8-oxoG-containing motifs will be altered by the involvement of OGG1 in the assays. The competition between TFs and DNA repair enzymes for oxidatively damaged promoter sites has been examined [68, 80] . CREB1 controls approximately 25% of the mammalian transcriptome through binding to its consensus CRE (5'-TGACGTCA-3') sequence. 8-OxoG within the CpG islet of the CRE site by itself did not affect total CREB1 binding or dimerization. Binding and particularly dimerization of CREB1 were lowered along with an increase in OGG1 concentration, regardless of the order in which CREB1 and OGG1 were supplied to lesion-containing substrates. The decreased binding was due to the physical presence of OGG1 blocking the approach of the TF to the CRE site rather than the existence of any AP site product [80] because OGG1 has a very low turnover rate on substratecontaining DNA [25, 81] . Another study documented that NF-κB binding might shield guanine lesions from recognition and repair by BER enzymes [68] . In that study, the p50 transcription factor protein was added to an 8-oxoG-modified κB site-containing probe before the addition of Fpg, the OGG1 functional analog in the Escherichia coli, and the addition of the TF shielded these lesions from the cleavage by the DNA glycosylase. The authors proposed that this occurs for the period required for transcription [68] .
In vitro biochemical analyses may have suggested that the existence of the DNA repair enzyme interferes with the access of TFs to a damagecontaining promoter [80] , or that entry into the repair pathway of the glycosylases could be diminished by the binding of TFs [68] . However, how does a cell prioritize the engagement of a particular site with a TF versus a DNA repair enzyme? Two scenarios should be kept in mind: first, the binding of TFs to consensus motifs is normally proscribed by the energetic cost of DNA bending and twisting, whereas a universal feature of most DNA repair glycosylases, without forming sequencespecific contacts with the DNA substrate, is free energy for DNA bending during base flipping, which is fundamentally different from TF binding [82, 83] . Second, while many TFs undergo nuclear translocation upon oxidative stress, DNA glycosylases, as housekeeping gene products, constitutively dwell in the nucleus and are committed to their duties on chromatin.
Additionally, the situation might become more complicated if glycosylase is taken into consideration. DNA glycosylases, including OGG1, interact with their substrate through a set of amino acids that make extensive contact with the DNA backbone at both the 5′-and the 3′-ends of the lesions along with the opposite strand's base cytosine [24, 77] . For example, the crystal structure of the OGG1-DNA complex shows that the OGG1 footprint covers several nucleotides. Thus the binding of TFs to their cognate sequences could be impaired by the occupancy of OGG1 even if the lesion is located outside of (but within the OGG1 "foot-print" to) the motif. The oxidation of the guanines surrounding a motif inevitably adds a layer of complexity, which has been considered in recent studies (described below) [45, 84] . Collectively, sophisticated strategies must be evolved in a cell to guarantee prompt expression from stress-responding genes without interference from repair enzymes during the homing of the relevant TFs to their consensus sequences in 8-oxoG-containing promoters.
Interaction of OGG1 with promoter-contained 8-oxoGmodulates the transcription of NF-κB target genes
The effects of 8-oxoG in coding sequences on transcription have been independently investigated by Drs. Wallace and Khobta. They found that guanine lesions do not constitute a significant barrier to transcription; however, OGG1-BER-generated repair intermediate(s) do [28, 85, 86] . Recently, the outcomes of oxidative base lesions in noncoding regions have gained interest. A series of studies shed light on the role of promoter-located 8-oxoG along with its cognate repair protein OGG1 in the regulation of IIR gene expression [45, 46, 84] . The rapid (within 30 min) and robust expression of pro-inflammatory mediators (e.g., IL-1β, TNF, CCL20, CXCL1 and CXCL2) was induced by pro-inflammatory agents or the ROS inducer glucose oxidase. In parallel, the global 8-oxoG content, as well as the level of 8-oxoG in promoters (surprisingly not evenly along the entire gene bodies), also reached the peak. Meanwhile, the inactivation of OGG1 through cysteine oxidation to sulfenic acid was observed [45] . The coincident high levels of 8-oxoG in promoter regions and the up-regulated pro-inflammatory gene expression implied that formation of guanine lesions might be advantageous for the initiation of gene transcription in cellulo.
5.1. Cooperation between OGG1 and NF-κB represents a sub-group of NF-κB-driven transcriptomes
To further explore whether OGG1 binding to 8-oxoG in chromatinized DNA can modulate gene transcription, chromatin immuno-precipitation (ChIP) and ChIP sequencing were performed. Immediately after exposure (15 and 30 min) to TNF-α, OGG1 was preferentially enriched on gene regulatory regions [45] . A genome-wide analysis revealed that at 30 min post-exposure, OGG1 enrichment sites, possibly linked to the location of its substrate 8-oxoG, are inclined to be in noncoding regions, such as promoters, introns and intergenic regions (Fig. 2) . Unexpectedly, the distribution on genomic regions of OGG1 peaks was similar to that of NF-κB, for which sequence-specific binding in the genome is well documented [87] . The correlation of the location of OGG1 with that of NF-κB may directly link OGG1 to transcriptional regulation. A system-level analysis revealed that gene products from OGG1-enriched promoters are linked to the regulation of cellular processes, including response to oxidative stress, signal transduction, regulation of transcription from RNA pol II promoters, cellular homeostasis, and immune responses. Intriguingly, a subgroup of OGG1-ChIPed genes was positively correlated with the regulation of NF-κB nuclear import, NF-κB signaling and its sequence binding (data submitted). Importantly, OGG1 enrichment on gene regulatory regions was functional for corresponding to changes in mRNA levels.
The binding of a DNA repair enzyme to a substrate-containing promoter region under oxidative stress may not be surprising; however, an OGG1 knock-down markedly impaired the recruitment of NF-κB to promoter regions and significantly modulated expression from NF-κB-dependent genes [45, 46] ; in parallel, OGG1 interacts with TF IID, sitespecific TFs Sp1 and NF-κB, and these interactions were blocked by the administration of a ROS scavenger [45, 46] , which is intriguing. Additionally, a system-level analysis showed that immediately after TNF-α exposure, within the innate immune pathway, 673 out of 840 OGG1-enriched genes were common with those of NF-κB-enriched (data submitted). Because NF-κB is a central player in prompt stress responses [88, 89] , the emerging role of OGG1 in transcriptional regulation in response to a ROS burst appears to be linked to a sub-group of NF-κB-driven genes.
Positional value of 8-oxoG for the DNA occupancy of NF-κB
To gain insight into the positional value of 8-oxoG for the interaction of NF-κB with its consensus in the presence of OGG1, we extensively examined DNA segments containing NF-κB motifs and corresponding to the native sequences in the proximal region of the human TNF and mouse Cxcl2 promoters. Guanines within and outside NF-κB motifs were individually substituted with 8-oxoG, and EMSAs were performed. In the presence of recombinant OGG1 or the nuclear extract from OGG1-expressing cells, the binding of NF-κB to DNA containing 8-oxoG, located several nucleotides upstream from the motif, was consistently enhanced (Fig. 3a) . However, 8-oxoG being within or closely proximal to the NF-κB binding site decreased NF-κB's DNA occupancy, which may involve either 8-oxoG itself or the interference of OGG1 [45, 84] . Importantly, through the binding of 8-oxoG 8-11 bp upstream from the motif, OGG1 accelerated NF-κB's docking, primarily in its hetero-dimeric form [45] . A recent study analyzed the surrounding sequences (10 bp up-and downstream from the motif) of 70 functional human κB sites. The frequencies of guanine at −8 and −10 bases are more than 40%, apparently higher than other positions (Fig. 3b) [90] , supporting the idea that a properly positioned guanine and its oxidation may be utilized for the homing of TFs (such as NF-κB) to their motif beaconed by substrate-bound OGG1.
Thus, the proposed mechanism by which OGG1 through binding with 8-oxoG in promoter region modulates the transcription of NF-κB target genes is as follows: upon the engagement of OGG1 with its substrate, the successive events, including the intrusion of its amino acid residues into the DNA helix, extraction of 8-oxoG from the DNA, insertion of the damaged base into OGG1 active-site pocket and unstacking the opposite cytosine from the DNA helix [24, 75, 76] result in a sharp (~70°) bending of the DNA duplex, inducing DNA architectural change and create a specific interface in DNA that allows the prompt recognition of motifs by NF-κB and the assembly of the transcriptional Fig. 2 . Genome-wide distribution of OGG1 in response to stimuli. Flag-OGG1-expressing cells were exposed to TNF-α for 30 min. ChIP-ed DNA was sequenced (GSE #: GSE75652) and the enrichment of OGG1 was analyzed. The diagram illustrates the genome-wide enrichment of OGG1 within 1-10 kb from transcription start sites (TSS). [45] . Sequence of the DNA fragment containing a NF-κB motif used in the EMSA assay is derived from the human TNF promoter. 8-oxoG substitution was carried out individually (shown in red). (b) Frequency of G at each base in the surrounding sequences 10-bp up-and downstream from the motifs of 70 functional human κB sites (data provided by Wang et al. [89] ). The average frequency of one of four nucleobases at each position is considered as 25%.
initiation complex [91] (Fig. 4) .
Nevertheless, the coincident prompt expression of the ROS-responding and NF-κB-driven genes with the accumulation of 8-oxoG in the promoter regions raises another question of how cells can control the positional oxidation of guanine. Promoters driving the expression of immune-or stress-responsive genes, such as TNF, ILs, CCLs, CXCLs and p21 (WAF1/Cip1), contain multiple copies of NF-κB and/or Sp1 motifs in tandem [46, [92] [93] [94] [95] . One could hypothesize that the copy number of such TF motifs correlates with the magnitude of promoter activation in response to stimuli. However, it can be speculated that some of the TF consensus sequences could be ensured to be protected by the chromatin structure, thus staying undamaged. These consensus sequences have appropriately positioned 8-oxoGs nearby, and through interactions with OGG1, TFs (e.g., NF-κB) may rapidly home to their binding motifs in chromatin owing to the cognate repair enzyme's efficient recognition of the substrate.
Epigenetic role of guanine oxidation in gene expression
The compositional pattern of the human genome shows a high level of heterogeneity. GC-poor content represents approximately 63% of the genome, but the density of genes is much greater in the GC-rich fractions. Additionally, the transcriptional activity of genes is correlated with the GC content of the genome [96, 97] . Genes densely distributed in high GC-content regions are inclined to be actively transcribed, whereas those sparsely distributed in GC-poor regions are usually occasionally transcribed (such as in a tissue-dependent or developmentally regulated manner) [96] (Fig. 5) . Moreover, despite the vulnerability of guanine and the mutagenicity of 8-oxoG, the vertebrate genome has an evolutionarily conserved high GC content in promoter regions. A genomic-wide survey revealed that 72% of human gene promoters belong to a class with a high GC content [98] . One may readily link this evolutionarily conserved property of the genome to the benefits of the GC content in controlling of gene expression. Indeed, considerable evidence suggests that base oxidation in DNA is not only a carcinogenic risk factor but also plays regulatory functions as an epigenetic mark [22, 99] .
Biased guanine oxidation in the genome
Increasing evidence suggests that guanine oxidation does not occur randomly but exhibits a strong distributional bias in the genome. The DNA double helix, containing a π-stacked array of heterocyclic base pairs, is favorable for the migration of charge over long distances through a multistep hopping reaction with all guanines as carriers of positive charges [100] [101] [102] . Based on the G-G stacking rule, the most readily oxidized sites in one-electron oxidation of duplex DNA are the guanine residues located 5′ of guanine runs [103] . Genes containing G:C-rich sequences outside of the coding area (poly-G:C domains) may act as sinks for positive charges. Charge transport can occur over distances of up to 200 Angstroms away from the initial site of oxidant injury [104, 105] . The ability of DNA molecules to transport charges over long distances could provide a strategy for funneling damage to particular sites in the genome [106] . Electron transfer through DNA can occur under conditions of oxidative stress and therefore, biological consequences are highly likely [101, 107] .
In addition to in vitro studies that proposed the preferential oxidation of guanine in a 5'-GG-3' sequence context, efforts have also been made to reveal the in vivo existence of 8-oxoG at the genome-wide scale [108] [109] [110] [111] . In situ immunofluorescence of 8-oxoG on human metaphase chromosomes showed that regions with a high frequency of recombination and single nucleotide polymorphisms within chromosomal regions are preferentially located with a high density of 8-oxoG [111] . In addition, an 8-oxoG antibody (Ab) was utilized to enrich lesioncontaining fragments from isolated and sonicated genomic DNA, and microarray and next-generation sequencing (NGS) were carried out [109, 110] . The microarray results revealed that low levels of 8-oxoG are generated in genetic regions compared with "gene deserts" (such as lamina-associated domains), which supports the hypothesis that GCrich sequences outside of coding areas may act as sinks for positive charges to protect the fidelity of genetic information under oxidative stress [1, 106] . NGS provided a higher resolution showing that most of the oxidized guanine bases were localized to promoters, which is in line with data from OGG1 ChIP Sequencing (Section 4). This indicated a high correlation of OGG1-enriched peaks with promoter regions [45, 109] . The drawbacks of the application of 8-oxoG Ab, including that the resolution is not high enough to determine precise genomic elements; and the binding affinity is significantly impacted by DNA secondary structures, introducing considerable bias in the data obtained, were overcome by a deliberate approach recently developed in Dr. Burrows' laboratory [108] . An unusual property of 8-oxoG is that its redox potential (~600 mV) is much lower than that of guanine, allowing for the selective oxidation of 8-oxoG by a mild oxidant [112] . The oxidation of 8-oxoG yields an electrophilic intermediate that can be trapped with a primary amine nucleophile to form a stable amineconjugated product amine-terminated biotin (BTN) for streptavidin enrichment [113] . Affinity purification rather than immunoprecipitation provided~0.15 kb resolution to map 8-oxoG in the mouse genome [108] . Gene promoters and untranslated regions harbor more 8-oxoGenriched sites, which were correlated with reactive 5′-GG-3′ sequences as shown in in vitro studies from past decades [108] .
The roles of OGG1 in transcriptional regulation implicit in the biased oxidation of guanine
Considering the promptitude of pro-inflammatory gene activation in IIR and the coincident high 8-oxoG levels, transiently hampered OGG1-BER activity, and the timely preservation of promoter integrity [44] [45] [46] , we propose that, in response to an oxidative burst, guanine oxidation in a GC-rich promoter has a cis effect, whereas OGG1 acts as a trans factor, whose oxidation is deemed to be a reversible 
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Redox Biology 14 (2018) [669] [670] [671] [672] [673] [674] [675] [676] [677] [678] posttranslational modification. The oxidation of cysteine thiol (RSH/ RS−) by ROS leads to the formation of highly reactive sulfenic acid (RSOH), which can react either with another thiol to form a disulfide bond (RSSR) or with GSH to become S-glutathionylated (RSSG). These oxidative modifications are reversible, and the reduction is catalyzed by the Trx and/or Grx system [114] . The timely binding of oxidatively inactivated OGG1 and the consequent allosteric alteration of DNA during the pre-excision step of BER [115, 116] facilitate the homing of TFs (e.g., NF-κB and signal transducer and activator of transcription 1; STAT1) [45, 46, 117] or co-activator (e.g., CBP/p300) [35] to their binding sites, and thereby the assembly of the transcriptional machinery is promoted. When redox balance is re-established, OGG1 regains its enzymatic activity through the reduction of its oxidized cysteine, and thus the damaged base is excised to prevent mutation(s) in promoter regions (Fig. 6) . Although additional studies are required, we deduced that after a rapid boost, the fall in the mRNA levels of proinflammatory genes, explained by others as a consequence of programmed NF-kB oscillation [118] , may be partly due to the introduction of the repair intermediates (AP-sites, strand breaks) into the promoter by OGG1 after the redox-permitted restoration of its enzymatic activity [28, 85] . Studies have also addressed the post-8-oxoG-excision mechanisms by which OGG1 plays a key role in transcriptional activation [109, [119] [120] [121] . The localized demethylation of histone H3 by demethylase LSD1 produces ROS, which generates 8-oxoG and recruites OGG1. BER-introduced strand breaks attract topoisomerase II, which seems to be important for long-range changes in DNA topology and is essential for estrogen-induced gene expression [119, 120] . In addition, G-rich DNA structures such as G-quadruplexes are highly susceptible to oxidation [122, 123] . An increased 8-oxoG enrichment in G-quadruplexes has been affirmed by NGS technologies [108, 109] . The enhanced expression of vascular endothelial growth factor (VEGF) or endonuclease III-like protein 1 (NTHL1) was observed when 8-oxoG was formed in G-quadruplex sequences in the promoters [109, 121] . The induction of transcription requires OGG1 and an enzymatically inactive APE1. Following OGG1's removal of a base lesion, the yielded AP site enables the melting of the duplex to adopt a G-quadruplex fold that is crucial for gene expression [124] . APE1 binds but inefficiently cleaves AP sites, which induces transcription most likely with the aid of other activating factors [121] .
The conservation of G-rich promoters and the biased occurrence of guanine modifications led to the hypothesis that guanines in promoter regions not only have a sacrificial role in maintaining the fidelity of coding sequences but also play an active role in gene regulation. The oxidation of specific nucleobases, as well as the redox-restricted base repair may be utilized by trans factors, allowing the preferential selection of the transcription from ROS-responding genes. Given this possibility, the compromise in OGG1's enzymatic activity under oxidative stress conditions through interactions with or modification by other proteins (section 1, Fig. 1 ) may imply the functional regulation of OGG1 in other cellular processes other than DNA repair, such as transcription. Accordingly, the co-localization of OGG1 with RNA Pol II and active chromatin marker H3K4me along with the increase in the 8-oxoG level, which led to the elucidation of the preferential repair of active chromosome regions [125] , may also suggest a transcription-directing role for OGG1. Different interpretations of the interactions of OGG1 with RNA Pol II and active chromatin marker [125] , or with RNA Pol II and TFs [46] indicate that in the open chromatin, an elaborate coordination and reciprocity between two biological processes, transcription initiation and DNA repair, exists both depending on the engagement of OGG1 with its substrate. In support, we observed an intriguing bidirectional promotion of the DNA binding of OGG1 or NF-κB in the presence of one another [84] .
ROS introduce both guanine lesion(s) in DNA and activate cell signaling to cause posttranslational modification to modulate activity of the cognate repair enzyme. Because the loss or regain of catalytic activity of OGG1 is redox-restricted, the timely restriction in OGG1's excision function after grip of its substrate appears to regulate transcriptional response to oxidative stress. A delay in 8-oxoG repair prevents the guanine runs-containing promoters being "chopped", ensuring the prompt actions of transcriptional machineries for IIR gene expression [45, 46, 55] . On the other hand, expression of large numbers genes are partly controlled by G-quadruplexes in their promoters, and activation of such genes such as VEGF or NTHL1 requires quadruplex structure, which is linked to 8-oxoG excision and AP-site formation by OGG1-BER [109, 121] . Taken these data together, one may conclude that the deviations from accurate cellular responses to oxidative stress may be due to unscheduled actions of OGG1-BER at oxidized guanines, which might be the etiological link of 8-oxoG to various cellular pathologies and diseases. The nonrandom occurrence of guanine oxidation may be affected by epigenetic DNA modifications, for instance, the methylation of cytosine ((Me)C). Guanine reactivity towards oxidants may be targeted to methylated (Me)CpG sequences due to the lowered ionization potential of the guanine base when paired with (Me)C [126, 127] . Linking cytosine methylation to guanine oxidation would really validate the epigenetic role of the latter. DNA methylation, a classical epigenetic marker, appears to be predominantly confined to cytosine in the CpG dinucleotide context [128] . Cytosine methylation is usually associated with a repressed chromatin state and the inhibition of gene expression [128] . The repression may either result from the direct effects on TF binding, or may be indirectly caused by repressor protein(s), methyl-CpGbinding proteins (MBPs) [128, 129] , recognizing methyl-CpG and eliciting the repressive potential of methylated DNA [130, 131] . MBPs may also recruit transcriptional co-repressor molecules [132] [133] [134] [135] . A series of studies by Dr. Sowers' group documented that the recognition elements of MBPs include the guanine's O6 and N7 atoms present in the major groove [136] , and the oxidation of guanine converts the N7 position from a hydrogen bond acceptor to a hydrogen bond donor and replaces the 8-proton with an oxygen atom, potentially interfering with the recognition of the methyl-CpG dinucleotide by MBPs [137] . EMSAs revealed that the oxidation of guanine to 8-oxoG significantly inhibits binding of the methyl-CpG-binding domain of methyl-CpG-binding protein 2 (MeCP2) to the oligonucleotide duplex [137] . Although a role of OGG1 has not been indicated, the inhibition of MBPs binding to substrates may be amplified by the involvement of OGG1. Moreover, because of OGG1's DNA bending/twisting and its physical interaction with the components of the transcription machinery [46] , the promoter may be released from the repression in an intracellular scenario, although further experimental evidence is needed (Fig. 7) .
It has been assumed that to activate the transcription of genes locked by cytosine methylation, cells need to eliminate the methyl group from (Me)C. The removal of (Me)C has been observed in the genome of mouse primordial germ cells during development and in cells or tissues of patients with inflammatory disorders [138] [139] [140] . Tremendous effort has been devoted to unveiling the mechanisms of DNA demethylation; however, while passive DNA demethylation, which refers to the loss of the methyl group from 5-methyl cytosine (5meC) when DNMT1 is inhibited or absent during successive rounds of DNA replication, is generally understood and accepted, the subject of active DNA demethylation remains controversial [141, 142] . Various mechanisms include the enzymatic removal of the methyl group of 5meC, direct excision of 5meC through BER, deamination of 5meC to thymidine (T) followed by BER of the T-G mismatch through nucleotide excision repair, oxidative demethylation and radical S-adenosylmethionine (SAM)-based demethylation [141, 142] . Recently, enzymatic oxidation of 5meC followed by BER has emerged as a plausive mechanism of active removal of (Me)C. The family of dioxygenases commonly known as Ten-eleven translocation (Tet) proteins are responsible for the enzymatic oxidation of 5mC into 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC), which are recognized and excised by the DNA glycosylase TDG through the BER pathway [143] . The interference of 8-oxoG in the binding of MBPs indicates that, at least, a group of genes might utilize the engagement of OGG1 with oxidized guanine to promptly evade the repression posed by methylated cytosine, passing by methyl group elimination, to implement the rapid cellular response to ROS. Guanine oxidation is instant and non-enzymatic; thus, OGG1 complexed with its substrate might be the most rapid and economical strategy for cells to unlock the repression caused by methylated cytosine. While oxidative stress persists, OGG1 may further recruit TET1 for enzymatic catalysis of 5meC into 5hmC; thus the BER pathway could be utilized to transfer the DNA oxidation signal to downstream DNA demethylation enzymes [144] . In this scenario, whether OGG1-TET interaction could be used for gene transcription is enigmatic.
Conclusions
Among bio-macromolecules, guanine in the DNA is the primary target of ROS; however, its oxidation has not yet been appreciated as a way to transmit ROS signals, other than as oxidative damage to be repaired. As discussed here, guanine may serve as a ROS sensor, and the resulting product is an epigenetic mark. 8-OxoG itself does not induce the structural alterations in DNA; however it may serve as a ligand for OGG1 and together they play a role in the regulation of gene expression. In this context, OGG1 may function as an adaptor to facilitate the DNA occupancy of TFs at target gene promoters. While links between deficient OGG1-BER and susceptibility to cancer and accelerated ageing have been documented, we propose that it may not be the accumulation and mutagenicity of 8-oxoG itself but deviations/variations from the coordination between the OGG1-initiated repair process and transcriptional regulation could be the etiological link. Although further studies are needed, pharmacological modulation of OGG1 activity by small molecules could have clinical utilities in the prevention and amelioration of the unscheduled decline of cell/tissue functions and degenerative diseases during ageing processes. 
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